Macropinocytosis serves as an internalization pathway for extracellular fluid and its contents. Macropinocytosis is upregulated in oncogene-expressing cells and, recently, we have revealed a functional role for macropinocytosis in fueling cancer cell growth through the internalization of extracellular albumin, which is degraded into a usable source of intracellular amino acids. assessing macropinocytosis has been challenging in the past because of the lack of reliable assays capable of quantitatively measuring this uptake mechanism. Here we describe a protocol for visualizing and quantifying the extent of macropinocytosis in cells both in culture and growing in vivo as tumor xenografts. By using this approach, the 'macropinocytic index' of a particular cell line or subcutaneous tumor can be ascertained within 1-2 d. the protocol can be carried out with multiple samples in parallel and can be easily adapted for a variety of cell types and xenograft or allograft mouse models.
IntroDuctIon
Macropinocytosis is an endocytic process that mediates the uptake of extracellular fluid into large intracellular vesicles known as macropinosomes. Macropinosomes are heterogeneous in size and shape, and they serve to internalize large volumes of extracellular fluid along with the associated membrane. This endocytic process is thought to be initiated by the formation of actin-dependent protrusions of the plasma membrane, known as membrane ruffles. Plasma membrane contacts between individual ruffles or between a ruffle and the plasma membrane, followed by membrane fission, result in the formation of a macropinosome. The newly formed macropinosomes can be targeted to lysosomes or can be recycled back to the plasma membrane 1 . Functionally, macropinocytosis has a role in immunity, as antigen-presenting cells use this endocytic process to sample their external environment 2 . In addition, macropinocytosis also represents a cellular route of entry for numerous bacteria and viruses 3, 4 .
In cancer, macropinocytosis is stimulated by oncogenes, such as Ras 5 and Src [6] [7] [8] , and we have recently linked this form of fluidphase uptake to cancer cell metabolism and nutrient internalization 9 . The majority of the nutrients required to sustain tumor cell growth are present in extracellular fluids and ~70% of the solubilized substances are proteins, with serum albumin being the most abundant. We determined that oncogene-stimulated macropinocytosis is an entry route for extracellular albumin. In this context, the internalized albumin is subsequently targeted for lysosomal degradation, releasing the constituent amino acids, which then have the capacity to support the metabolic and biosynthetic needs of the tumor cells. Therefore, macropinocytosis is an important nutrient delivery pathway that cancer cells use to drive their proliferation and growth.
Methods to detect and quantify macropinocytosis
We have developed and optimized techniques for detecting and quantifying macropinocytosis both in vitro and in vivo. Our protocol is based on the incorporation of fluorescently labeled, lysine-fixable, 70-kDa high-molecular-weight dextran from the extracellular medium into large, discrete macropinosomes, which can be visualized microscopically as fluorescent intracellular puncta. By using these techniques, the extent of macropinocytosis, or what we have termed the macropinocytic index, for a particular cell line or subcutaneous tumor can be determined. Specifically, the macropinocytic index is a 2D parameter that quantifies the percentage of cell area occupied by dextran-positive macropinocytic compartments within a given time frame of dextran uptake. At the cellular level, the macropinocytic index is a readout not only of macropinocytic rate but also of macropinosome size. Ascertaining the macropinocytic index of a particular cell line or tumor has the potential to shed light on the metabolic properties of the sample. For example, if a tumor has a high macropinocytic index, then this may be an indication that the tumor relies on macropinocytosis for its growth and survival. Indeed, we found that the inhibition of macropinocytosis in tumors with a high macropinocytic index selectively leads to a decrease in tumor growth in a xenograft mouse model of pancreatic cancer 9 . Macropinocytosis has also been studied in the context of drug delivery and has been implicated as a delivery mechanism for a number of therapeutics including cell-penetrating peptides, nanoparticles and microbe-based biotherapies [10] [11] [12] . Therefore, the macropinocytic index may represent a predictive biomarker in the effective usage of these forms of cancer therapy.
The quantification of macropinocytosis can be achieved through either microscopic or nonmicroscopic methods. For microscopic methods, macropinocytosis is fluorescently visualized and quantified in either fixed or live cells. The protocol described herein illustrates the microscopic visualization and quantification of macropinosomes in fixed cells via the image-based analysis in ImageJ. Previous reports have described methods for quantifying macropinocytosis in a fixed sample. The quantification method used by Haga et al. 13 depends on subjective categorization (i.e., qualitatively assigning cells into low-to-high macropinocytosis categories). The method developed by Wang et al. 14 is similar to our protocol in that it can be applied to any cell monolayer; however, their procedure involves an additional step to consider only transfected cells. Our protocol has a wide applicability to both cultured cells and xenograft tumor models. A particular consideration of our protocol is that the method requires fixed samples.
Hence, the analysis captures a snapshot of the process rather than the dynamic nature of macropinocytosis in real time. A quantification method entailing the imaging of macropinocytosis in live cells through phase-contrast microscopy and observing the phase-bright macropinosomes that emerge downstream of membrane ruffles has been recently reported 15 . However, this method lacks the selectivity provided by a fluorescent macropinocytosis marker and is limited to the analysis of cultured cells, precluding the analysis of macropinocytosis in xenograft tumors.
For nonmicroscopic methods, the most commonly reported macropinocytosis assay involves uptake of the soluble enzyme horseradish peroxidase (HRP). Quantification in this procedure measures HRP enzymatic activity in cell lysates derived from cells that have internalized the enzyme 16 . This approach is suitable for quantifying macropinocytosis across multiple conditions or cell lines; however, this method does not provide any visual confirmation of the process nor does it provide structural information in the manner that image-based procedures do. Moreover, it is unclear how specific an HRP uptake assay is, considering the extent to which HRP adheres to the cell surface 17 . A second nonmicroscopic quantitative method for the analysis of macropinocytosis uses FACS 18 . For this approach, cells are pulsed with fluorescently labeled dextran, washed, trypsinized and fixed, and dextran uptake is subsequently quantified via FACS. Although this method allows for robust quantification of macropinocytosis on a sample-by-sample basis, it does not provide any structural information at a cellular level. Furthermore, the temperature and time required for the trypsinization step, which is necessary to create the cell suspensions for FACS analysis, are not optimal; hence, our protocol takes advantage of a low-temperature incubation immediately after the uptake step, which introduces a blockade in trafficking events, thereby allowing for the maximal retention of the internalized dextran 19 .
Experimental design
Choice of cell lines. The protocol described here was optimized for use in the human pancreatic adenocarcinoma cell lines, MIA PaCa-2 and BxPC-3. However, the protocol has been very easily adapted to other cell lines, taking into account some important considerations. Optimization of our procedure has been performed by using moderate cell confluence conditions (~75% confluent). Thus, cell lines that require either sparse growth conditions or maintenance as a confluent sheet may require further optimization. The procedure involves several washing steps before fixation; therefore, the cell lines used should readily adhere to cover glass to ensure that they are not displaced during the washes. To circumvent poor adhesion to the cover glass, the cover glass could be coated with an extracellular matrix protein to increase cell adherence; however, how this would affect the use of our procedure would have to be determined. In addition, this protocol has been optimized to assess levels of macropinocytosis that occur under serum-starved conditions. Serum starvation was used to distinguish the inherent levels of macropinocytosis within the cell lines analyzed from the nonautonomous effects on macropinocytosis exerted by the growth factors present in serum-supplemented medium. However, this protocol can be adapted to assay cells in serum-supplemented or growth factorsupplemented medium by further optimizing the concentration and incubation time of the fluorescent dextran.
Choice of dextran conjugate. We have optimized the described assays for use with fixable 70-kDa dextran that has been conjugated with either FITC or tetramethlyrhodamine (TMR). However, our preference for the assay is the TMR conjugate because, unlike FITC, it is generally insensitive to the low pH attained by the macropinosome as it matures 20 . We have used 70-kDa-molecular-weight dextrans to label macropinosomes because the macropinosomes labeled by these dextrans fall within the classically defined size range of >0.2 µm in diameter 21 . These high-molecular-weight dextrans are selectively internalized into macropinosomes, whereas lower-molecular-weight dextrans show less fidelity in their internalization and may label other endocytic pathways 22 . Depending on the timing of trafficking events in the particular cell line or tumor being analyzed, it is possible that the macropinocytosed dextran may label other endocytic compartments, such as endosomes that have fused with macropinosomes downstream of internalization. Therefore, if the macropinocytic contents are rapidly targeted to the endosome system or if the lower-molecular-weight dextrans must be used, then a shorter dextran incubation time and the diameter of the labeled macropinosomes should be taken into consideration when quantifying the results.
Analyzing xenografts. For determining the macropinocytic index of xenograft tumors, the tumors can be generated by using established procedures, such as the protocol developed by Kim et al. 23 The in vivo methodology in our protocol has been designed to be used in the study of subcutaneous heterotopic human pancreatic cancer xenografts in immunodeficient mice. However, it can be easily adapted to other heterotopic organ models and to heterotopic allograft tumors. For computing the macropinocytic index of subcutaneous tumors, immunological staining of the tissue with an antibody that selectively labels the tumor cells is necessary to ensure that the macropinosomes visualized are a feature of the transplanted cells rather than the host cells. In pancreatic tumor xenografts, we have successfully used anti-cytokeratin 8 staining to specifically label the human pancreatic epithelial cells within the tumor 9 . Therefore, to adapt this protocol to other subcutaneous tumors, a tumor cellspecific marker must be identified before analysis.
Controls. In addition to their large size and their ability to internalize high-molecular-weight dextran, macropinosomes are also defined by their unique sensitivity to amiloride and its derivatives, a class of Na + /H + exchange inhibitors 21 . Amilorides inhibit macropinocytosis by lowering the submembranous pH, which in turn interferes with the actin remodeling that is required for plasma membrane ruffling 24 . Therefore, in order to further validate macropinocytosis-specific uptake, an important experimental control in the analysis of macropinocytosis is to evaluate the effects of amiloride treatment. Treatment with the amiloride derivative 5-(N-ethyl-N-isopropyl) amiloride (EIPA) is the most effective and selective method currently used to pharmacologically inhibit macropinocytosis 25 . For cell culture experiments, the dose of EIPA required to inhibit macropinocytosis must be empirically determined; however, we have observed robust inhibition typically in the range of 25-100 µM. It should be noted that EIPA doses at the higher end of this range tend to be cytotoxic to a subset of cell lines, and whether this is the case for a particular cell line of interest must be determined. To validate the specificity of EIPA in a cell line of interest, the effects of EIPA treatment on clathrin-mediated endocytosis can be assessed by performing a transferrin uptake assay 26 . At high doses, EIPA may show autofluorescence when imaging is done with a filter set for collecting blue or green wavelength fluorescence; therefore, whenever possible, we recommend using TMR-dextran with EIPA treatment as opposed to FITC-dextran. Furthermore, EIPA autofluorescence may appear when DAPI images are collected; thus, we recommend using short exposure times to collect DAPI images in EIPA-treated cells to minimize this effect. To inhibit macropinocytosis in vivo, we have successfully used osmotic pumps (Alzet) implanted subcutaneously in mice to systemically deliver EIPA at a steady dose over the course of a 3-7-d experiment 9 . Such a delivery mode is advantageous because of the short half-life of EIPA once it has been exposed to circulating plasma 27 . An additional control, especially in the case of a low macropinocytic index, is to simultaneously assess macropinocytosis in a cell line expressing an oncogenic form of Ras. This can be achieved by transfection of oncogenic Ras into the particular cell line of interest or by using an oncogenic Ras-expressing cell line that has been established to have a high macropinocytic index, such as MIA PaCa-2, T24 or NIH 3T3 KRas V12 cells 9 .
MaterIals

REAGENTS
 crItIcal All solutions and buffers must be free of detergent and therefore should be prepared in glassware thoroughly cleaned with ethanol or in new plasticware. All solutions containing cell culture medium should be prewarmed to 37 °C before use. The prepared medium containing FBS can be stored at 4 °C for a period of 1-2 weeks.
Cell line or xenograft to be analyzed plus appropriate controls ! cautIon Experiments using live rodents must conform to all appropriate institutional and governmental regulations. proceDure labeling of macropinosomes 1| The visualization of macropinosomes in cells, either in cell culture conditions (option A) or in vivo (option B), is based on the ability of cells to internalize extracellular fluid containing fluorescently tagged 70-kDa high-molecular-weight dextran, an established marker of macropinocytosis. Option A requires the addition of either FITC-dextran or TMR-dextran to the culture medium and is applicable to any adherent cell line. Option B involves the intratumoral injection of FITC-dextran into subcutaneous xenograft tumors in immunodeficient mice and can be used to detect macropinosomes in tumors derived from any cancer cell line. For option B, the protocol is described for FITC-dextran; however, TMR-dextran can be just as effectively used, but it must be ensured that the fluorescent secondary antibodies that are subsequently used are compatible for microscopic analysis (i.e., they are not imaged on the same channel). We use a CO 2 euthanasia chamber with a stainless steel cover; the tube is attached to the CO 2 regulator. A low flow rate of CO 2 (20% of the chamber volume per minute) is recommended, which is maintained until the animals become unconscious, and thereafter the flow rate is increased to minimize the time to death (maximum of 5 min). The flow is maintained for at least 1 min after apparent clinical death, and the animals are kept in the chamber or cage until a complete cessation of respiration and heartbeat is observed. We remove the animals from the chamber and perform cervical dislocation to confirm death.
(vi) Immediately dissect the tumor and place it in a cryomold containing OCT compound. Ensure that the tumor is completely covered by the OCT compound and place the cryomold atop dry ice. Once it is completely frozen (10-15 min), store the sample at −80 °C for at least 24 h.  pause poInt The sample can be frozen for up to 6 months at −80 °C.
processing the samples 2| This step of the protocol comprises the processing of the cells or tissue samples in preparation for microscopic analysis. Option A describes the procedure used for processing the cell culture samples, whereas Option B outlines the methodology used for processing the frozen tumor specimens. (xi) Remove the secondary antibody solution from the slides by gently tapping onto a paper towel, and then move the slides into a staining jar containing 50 ml of PBS. Perform three PBS washes (5 min each) in clean staining jars. (xii) Place each slide flat in an opaque container. For nuclear staining, add 100 µl of DAPI staining buffer to the tissue section. Incubate the slides at room temperature for 15 min. ! cautIon DAPI is a carcinogen; avoid contact with skin. (xiii) Remove the DAPI staining buffer from the slides by gently tapping onto a paper towel, and then move the slides into a staining jar containing 50 ml of PBS. Perform three PBS washes (5 min each) in clean staining jars. (xiv) Remove excess PBS from the slide by using a Kimwipe. Place the slide on a flat surface, and add one or two drops of DAKO mounting medium directly to the tissue section. Immediately place a rectangular micro cover glass gently on top of the sample. The mounting medium should spread to the edges of the cover glass. If it does not, gently tap the cover glass. (xv) Dry the slides in the dark at room temperature for 18 h.
 pause poInt Stained slides can be stored for 2 weeks at −20 °C.
capturing images and data analysis • tIMInG 4-12 h 3| Perform image acquisition. We use an Axiovert 200M inverted fluorescence microscope (Zeiss) equipped for phase contrast with a standard optical filter set including DAPI, FITC and rhodamine. Capture images using an ×63 phase objective and the AxioVision software platform. Before capturing images, use the automated exposure time feature to determine the approximate exposure time to be applied to all the samples for each individual channel being analyzed. Typically, the FITC and rhodamine exposure times range from 100 to 1,000 ms, and manually setting the exposure time lower than the automated exposure time can ensure that the images are not overexposed. To ensure the reliability of downstream quantification, obtain at least 10-20 random fields for every sample or tissue section.  crItIcal step To fairly evaluate the extent of macropinocytosis across various cell culture samples, it is necessary to use the same exposure time for every sample and to capture random images. ? trouBlesHootInG 4| Save the images in ZVI format. TIFF format can also be used.
5|
Select an image from your collection that visually contains bright, discrete macropinocytic puncta. Load the ZVI file into ImageJ. There should be separate images for each acquired channel of the image.
6|
Duplicate the image containing the labeled macropinosomes using the Image→Duplicate function. Tile the images side by side. One of the images will be used as a reference image and the other will be processed.
? trouBlesHootInG 7| Perform a background subtraction on the image to be processed by selecting Process→Subtract Background. Set the rolling ball radius to 5 pixels. If any other options are selected with a check mark, unselect them.
8|
To adjust the thresholds of the image, select Image→Adjust→Threshold. To optimize the threshold settings such that the macropinosomes are specifically selected, select 'Dark Background' and click the 'Auto' button. If, by comparing with the reference image, all of the macropinosomes are covered with a red threshold signal, then the reference image may be closed and the threshold value recorded. This recorded threshold value is the threshold to be set for all the images. Select 'Apply.'  crItIcal step For images with a low fluorescence signal or high background fluorescence, it may be necessary to manually set the threshold values to detect the macropinosomes. To do this, set the top threshold sliding bar just to the right of the peak count value. Use the reference image to ensure the accuracy of the threshold adjustment.
9|
Compute the 'Macropinocytic Index' of the sample by determining the total macropinosome area in relation to the total cell area for each field ('Field Index') and then by determining the average across all the fields. Calculate the 'Total Cell Area' parameter for the in vitro setting with a phase-contrast image as described in option A or in the xenograft tumor setting from images obtained by counterstaining sections with a tumor cell-specific marker as described in option B. Record the 'Area' parameter. This is the 'Total Cell Area' for the field.
10|
Next, overlay the polygon-shaped selection onto the threshold binary image containing the macropinosomes. Do this by clicking on the binary image and selecting Edit→Selection→Restore Selection. Compute the area of the macropinosomes within the selection by selecting the Analyze→Analyze Particles feature. Keep the default settings for size (0 to infinity) and circularity (0.00-1.00). The boxes for 'Clear results' and 'Summarize' should be selected. Click 'OK.' Several parameters are displayed. Record the 'Area' for this image. If there are multiple cell area selections, then repeat this step for each unique polygonal selection. This is the 'Total Particle Area' for the field.
11|
To compute the 'Field Index' for each field, divide the 'Total Particle Area' by the 'Total Cell Area' and multiply by 100.
Repeat this procedure for all the images originating from the sample and compute the macropinocytic index of the sample by averaging the 'Field Index' column.
? trouBlesHootInG Troubleshooting advice can be found in table 1. Coat the cover glass with extracellular matrix protein solution or poly l-lysine and evaluate cell adherence. Reduce serum starvation to 1-3 h, or place the cells in reduced-serum medium instead of withdrawing the serum completely 3 Automated exposure time feature yields low signal, high background preview with long exposure time (>2,000 ms)
Poor signal-to-noise ratio: dextran uptake levels are low or dextran signal intensity is low Manually reduce exposure time to 100-1,000 ms. If macropinosomes can be clearly delineated above background, use the manually inputted exposure for subsequent imaging. If few or no macropinosomes are observed, then the cell line might have low macropinocytosis levels and should be compared with cell lines known to possess high macropinocytosis levels as described in the Experimental design section. If known high macropinocytosis cell line(s) yield low signal intensity macropinosomes, then optimization of macropinosome labeling will be necessary (see TROUBLESHOOTING guidance for Step 6) 6 Very few images contain bright, discrete macropinocytic puncta
Poor signal-to-noise ratio: dextran signal intensity is low or background noise is too high If high background is observed, ensure complete washing steps (see Step 1A(v) or 2B(iii)) are performed or add additional PBS washes to reduce nonspecific background. An additional low-pH-buffered wash step may diminish surface-bound dextran 29 . Alternatively, reduce the concentration of dextran used. Note that lowering the dextran concentration will also reduce dextran signal intensity in macropinosomes. If low dextran signal intensity in macropinosomes is observed even in known high macropinocytosis cell lines, the following may improve results: increase concentration of dextran used for labeling macropinosomes, ensure dextran properly reconstituted or make new dextran stock solution, or increase the time of dextran uptake. Note that fluorescently labeled fixable dextrans from other sources than those listed in the MATERIALS section might contain fewer fluorescent dye molecules per dextran, thus yielding less signal intensity 
antIcIpateD results
The image-based assays described herein allow for the visualization and quantification of macropinosomes in vitro, as well as of in tumor xenografts in vivo. Because our experimental setup relies on signal thresholding, it is imperative to capture random images from one set of experiments at the same exposure times, which can vary from experiment to experiment, in the same imaging session. In our experience, the best method for determining the optimal exposure time is to use the automated exposure feature available with all imaging platforms on an experimental sample that visually exhibits a high level of macropinocytosis. This will allow for an accurate assessment of macropinocytosis when setting the threshold value in the ImageJ software.
As an example of the in vitro implementation of this protocol, we have assessed the extent of macropinocytosis in two pancreatic cancer cell lines. Sample images from the various steps of quantification are shown in Figure 1 . The DAPI channel is used to visualize the number of cells, and by using a ×63 objective lens a typical field may be found to contain 20-40 cells, The cells used in this particular assay were MIA PaCa-2 (top row) and BxPC-3 (bottom row). Nuclei are labeled with DAPI. A phase-contrast image is used to determine the area of the field covered by cells. Fluorescence images captured in the rhodamine channel show the TMR-dextran-positive macropinocytic puncta for each field. For display purposes only, the TMR-dextran images were adjusted for brightness and contrast via ImageJ by selecting the B&C auto function. This adjustment does not affect the subsequent thresholding of the images. To determine the threshold value to be applied to all the images, the MIA PaCa-2 image was used. On the basis of this image, a threshold of 133 (on a dark background) was applied to all the images. Before accepting the threshold value, ImageJ depicts the detected macropinosomes in red (set threshold). Once accepted, the image is converted to a binary image in which the macropinosomes are shown in black on a white background (binary image). In the binary image, only particles that fall within the cell-covered area (yellow outline) contribute to the calculation of the 'Field Index' . Scale bar, 20 µm. depending on the confluence of the cells. The phase-contrast image allows for the determination of cell area, which is outlined in yellow. For demonstrative purposes, we compared the extent of macropinocytosis in MIA PaCa-2 with that in BxPC-3 cells; these are cell lines that we have previously found to have a high and low macropinocytic index, respectively. Images depicting TMR-dextran fluorescence from representative fields for each cell line are shown (Fig. 1) . The threshold value for this particular experiment was determined by using the automated threshold feature of ImageJ for one of the MIA PaCa-2 images, and this threshold value was then applied to all the images in the experiment. In the threshold image, TMR-positive macropinosomes are identified by the software and colored red. Once the threshold is applied, the result is a binary image, which is then analyzed using the 'Analyze Particles' feature. This process is repeated for each image, and the total particle area and total cell area are then recorded and tabulated as shown in table 2. For simplicity, we multiply the 'Field Index' values by 100. To successfully use this protocol for cell monolayers, we recommend analyzing between 200 and 300 cells, which typically consist of 10-20 fields. The macropinocytic index values for cancer cell lines typically range from 0 to 0.5 for low macropinocytic cells and are >1 for highly macropinocytic cells. These values can vary by up to 20% from experiment to experiment, which can be improved by increasing the sample size, and we typically observe an average variation between 5 and 10% from experiment to experiment. When analyzing several cell lines or different conditions, the macropinocytic index can be displayed graphically using the raw or relative values.
To demonstrate the in vivo quantification of macropinocytosis, we have evaluated the extent of FITC-dextran uptake in tumor xenografts derived from either MIA PaCa-2 or BxPC-3 cells. In these tumors, the pancreatic epithelial cells are labeled by cytokeratin-8 staining in order to differentiate them from the mouse host cells, such as fibroblasts and immune cells, which may infiltrate the tumor (Fig. 2) . This cytokeratin-8 staining is used to compute the total area occupied by the tumor cells in each field. The thresholding procedure used to identify and quantify the FITC-positive macropinosomes is similar to that performed for the in vitro staining. Because each individual intratumoral dextran injection leads to varying degrees of labeling and background fluorescence, the threshold value to be applied to each tumor is unique and applied to all the images that originate from that single tumor. For the xenograft tumors, the total particle area and total tumor area are recorded from the ImageJ analysis and tabulated as shown in table 3. For simplicity, we multiply the 'Field Index' values by 100. To successfully employ this protocol for xenograft tumors, we recommend analyzing at least 300 cells, which typically consists of five to ten fields per section from three to five frozen sections. The macropinocytic index values for xenograft tumors typically range from 0 to 0.5 for low macropinocytic tumors and are >1 for highly macropinocytic tumors. These values can vary by up to 30% from experiment to experiment, which can be improved by increasing the sample size, and we typically observe an average variation between 10 and 20% from experiment to experiment. When you are analyzing xenograft tumors derived from several different cancer cell lines or when you use different conditions, the macropinocytic index can be displayed graphically using the raw or relative values. coMpetInG FInancIal Interests The authors declare no competing financial interests.
